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MEANS FOR FIELD CONTROL IN PERMANENT 
MAGNET ELECTRIC MACHINES 

by Vlado Ostovic of Weinheim, Germany 

5 TECHNICAL FIELD OF THE INVENTION 

The present invention relates generally to electrical machines,.and more particularly, to 
synchronous machines with permanent magnets. 

BACKGROUND 

10 Synchronous machines with permanent magnets find application b various electric drives 

fed from inverters due to their high efficiency and no need for rotor cooline. These two 
advantages, along with minimum rotor maintenance need (no slip rings and brushes), make a 
permanent magnet (PM) synchronous machine the choice number one in numerous application^; 
when compared with a wound rotor synchmnous machine. 

The better utilization of rotor volume in a PM machine has, however, a price: The 
induced voltage in the stator winding of a wound rotor synchronous machine can be controlled 
by the field current This possibility does not exist in a conventional PM synchronous machine, 
since the magnetization of permanent magnets is constant. When the speed of a wound rotor 
synchronous machine increases, its stator induced voltage can be kept constant or decreased by 
20 decreasing the field current When, however, the speed of a PM synchronous machine increases, 
its suitor induced voltage increases proportionally; At certain speed the stator induced voltage 
reaches the maximum allowed amount, determined by winding insulation properties and inverter 
voltage capability. Above that speed the drive cannot operate safely due to risk of equipment 
damage-. 
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Another characteristic of a conventional PM synchronous machine is its constant number 
of poles. This is not always the case in a squirrel cage induction machine, the rotor of which has 
as many poles as its stator. By changing the number of stator poles in a squirrel cage induction 
machine, the number of rotor poles changes too, which enables machine generate torque at any 
5 pole number. This way* the speed range of a squirrel cage induction machine can be extended: 

- In a ratio 2:1 with Dahlander connected stator winding; 

■ In a ratio p : (p±2) with pole- amplitude modulated (PAM) stator winding, where p 
stands for the number of poles 

- In an arbitrary ratio with pole- phase modulated (PPM) stator winding with toroidal* 
10 coils T as shown in US Patent 5,977,679. 1 

4 * ■ v 

On the other hand, a conventional PM rotor has a rigid magnetic structure which does not. 
allow any change of the number of poles. Therefore, the speed range of a conventional 
synchronous machine with PM rotor cannot be increased by changing the number of its poles. 
. Any attempt iq cnange the number of stator poles without changing the number of rotor poles of 
15 an electric machine results in machine malfunctioning. A PM machine with different number of 
stator and rotor poles draws excessive currents ftom the source, without delivering any useful 

* * 

mechanical torque on the shaft. 

When loaded, a conventional PM synchronous machine demonstrates another 
shortcoming: the load currents in the stator winding create iheir own magnetic field wbicn 
20 distorts the field of permanent magnets (armature reaction). Since the field of permanent magnets 
has a constant amplitude and is fixed to the rotor surface, the load current distorts the resulting 
air gap field. This way, the stator induced voltage becomes a function of the load current, 
limiting possible applications of a conventional PM synchronous machine as a generator. 
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SUMMARY 



The present invention is directed to overcoming the problems related to rigid roto^ 
magnetization and single-speed capability in conventional PM machines. Briefly surnrnarized, 
both the shape and magnitude of magnetic field distribution along the rotor circumference are 
S controlled in this invention by means of current^), The control current(s) can flow only during 
time interval in which a new magnetic state is created, or permanently. When the rotor 
magnetization is controlled by additional stator currents, the stator of the proposed machine 

draws during regular run only the load current, 

A rotor of a synchronous machine has iron pole segment (1) and two or more tangentially 
10 magnetized permanent magnets (2), (3) per pole with difienmt radial dimensions. On the ^ 
side a conventional AC winding carries stator currents during normal operation. During stert 
rernagnetization phase an additional component of stator current provides for change' of 
magnetization direction in a portion of longer magnets. 

A rotor of a synchronous machine has two iron pole segments (4), a pole piece-(24), and 
IS a trapezoidaily shaped permanent magnet (S) per pole. A conventional AC winding on the stator 
side carries during a short period of time an additional current component, which remagnetizes a 
portion of the magnet closer to the rotor bore. The radial height of the remagnetized magnet 
portion is proportional to the remagnetizing current. 

A rotor of a synchronous machine has optional squirrel cage bars (25), along with several 

I * r ► 

20 trapezoidaily formed iron yoke segments (6) and rectangular permanent magnets (7) per pole. 
The stator (8) is slotted, whereas the slots (9) carry a pole changing Dahlander winding, or a 
pole- amplitude modulated (PAM) winding, or a pole- phase modulated (PPM) winding -wis* 
■tofeidaheetts-, as described in US Patent 5,977,679. 
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When the stator number of poles is changed, the stator winding draws temporarily an 
additional component of current which remagnetizes the rotor magnets in such a manner that the 
number of rotor poles is equal to the number of stator poles. The optional rotor cage generates 
torque which can bring the rotor into new synchronous speed after changing the number of poles. 

A rotor of asynchronous machine has optional squirrel cage bars (26), along with several 
rectangular iron yoke segments (10) and trapezoidal permanent magnets (11) per pole. The stator 
(1 2) is slotted, whereas slots (13) carry a pole changing Dahlander winding, or a pole- amplitude 
modulated (PAM) winding, or a pole- phase modulated (PPM) winding with toroidal ^oils, as 

described in US Patent 5,977,679. 

When the stator number of poles is changed, the stator winding draws temporary; an 
additional component of current which remagnetizes the rotor magnets in such a manner that £e 
number of rotor poles is equal to the number of stator poles. The optional rotor cage generates 
torque, which can bring the rotor into new synchronous speed after changing the number of 
poles. After changing the number of poles, the stator winding can carry during a short period of 

time an aAMoi^ P ortions of magnetSc!oSer t0 ** 

rotor bore. The size of remagnetized magnet portion is proportional to the amplitude of 



rcmagnetizing current 

A rotor of a synchronous machine has two magnets per pole, the main magnet (14) and 

me auxiliary magnet (15), as "well as iron se^^ 
20 excitation. The auxiliary magnet compensates for the armature reaction field created by the stator 

current. 

A rotor of a synchronous machine has one magnet per pole (18), one iron segment per 
pole (19), and several independently driven coils per pole (17). The coil currents are chosen so to 
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create the magnetic field which acts in the same direction as the magnet field, or to be spatially 
shifted to the magnet field. In the former case, the coil current helps control the amount of 
induced voltage in the stator winding. In the latter case, the coil current can compensate for 

armature reaction of the stator winding. 
5 Arotorofasyni^nousmachmehasonet 

magnet per pole, several independently driven coils (20), and iron segments (22). The three 

sources of magnetic flux (two magnets and coils) combine their action in such a manner to fully 

compensate for effects of stator armature reaction. 

These and other aspects, objects, features and advantages of the present invention will be 
10 more clearly understood and appreciated from a review of the following detailed description of 

the preferred embodiments and appended claims, and by reference to the accompanying 

drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 
These and other features, aspects and advantages of the present invention will become 
15 better understood with regard to the following description, appended claims and accompanying 

- drawings where: 

Fig. 1 is a view of a section of the rotor lamination, showing iron pole segments ( 1 ), short 
permanent magnets (2), and long permanent magnets (3). The directions of magnetization of 
permanent magnets are indicated with arrows. 

20 Fig. 2 is a view of a section of toe rotor lara^ 

trapezoidal permanent magnets (5), and pole pieces (24). 
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Fig. 3 is a cross. ^ ^ of a maio( ^ ^ ^ 

«8e bars (25). and stator (8) with stalor slots (9). 

bare 06% and stator (1 2) with stator slots (1 3 ). 

(U). auxiliary,,,,^ (15) , „, ^ misnetjo ^s^^. 

material (19). 

coils (20), main field permanent magnets (21 ), rotor yoke $ egments made of soft magnetic 
material (22), and auxiliary magnets (23). 

15 DETAILED DESCRIPTION OF THE DRA WINGS 

Fig. 1, the rotor of a PM machine is built out of pole segments (I), one or more short 
pennanentn^gnec^per^e,^ 

and (3) are magnet^ so ttat ^ flux ^ thr0ugb ^ ro(or ^ ^ ^ ^ 

arrows in Fig; 1. With given magnetization directions, the ^uence of poles on the rotor. . 

20 circumference is as usual i e m _ ? m c -m. 

as usuai, i.e. N-5-N-S-etc. The rotor structure in Fig. 1 enables discrete 

change of the induced voltage in the * a tor winding « will be iUustrated in the following 



discussion. 



PAGE 15/25 * RCVD AT 5/14/2004 3:05:03 PM lEastem Daylight TimeJ » SVR:USPT0-EFXRF-1/3 VDNIS:«r29306 * CSID:313 248 1783 * DURATION (mrn^s):06.32 



MP>Y_14_2004 3:09 PM FR INTELLECTUAL PR0PERTY48 1783 TO 917038729306 



Docket 800448 



The rotor in Fig. 1 is placed in a stater with ordinary p lyph** winding, fed presumably, but 
not necessarily, from an inverter which enables separate control of d- and q- axis currents. 
Assume that the rotor rotates at a given speed, and that the stator induced voltage has to be 
decreased for a fixed amount. In order to do that, additional component of current is forced to 

5 flow temporarily through the stator windings, the magnetic field of which is opposed to the 
magnetic field created by magnets 2 and 3. The amplitude nf this control current is chosen in 
sw * a manner, that its magnetic field remagnetizes only those portions of permanent magnets (3) 
which are placed closer to the rotor bore, whereas the magnetization of me rest of magnets (3), a» 
well of the whole magnets (2) remains unchanged After the control current has flown for a short 

,0 time, the magnets (2), as well as the parts of magnets (3) leaning on magnets (2) are magnetized 

* ■ 

so to drive the flux through rotor poles in the same direction as before. The parts of magnets^) 
closer to the rotor bore, i.e- the ones surrounded completely by pole segments (1), have changed 
their magnetization directions in such a maimer, that they now oppose the flux of the 
(predominating) rest of magnets (3) and complete magnets (2), As a result, the total flux per pole 

, S produced by rotor magnets is smaller than before, and the induced voltage in the stator winding 
decreases. A lower induced voltage at a given speed enables increase of the rotor speed without 
exceeding the maximum allowed voltage in the stator winding. 

Fig. 2, the induced voltage in a PM synchronous machine can also be controlled 
continuously. In order to provide a possibility for contbuous, or ^ 

20 voltage, the rotor has to be built as shown in Fig. 2. The soft iron pole segments (4) are 
surrounded by trapezoidal permanent magnets (5). The trapezoidal form of permanent magnets 
enables variation of the radial height of remagnetized portion.of magnets (5) as a function of the 
stator control current. Thus, at a given speed an arbitrary induced voltage in interval between 0 
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and V w can be obtained only by control^ 
■ ■ pol^ptaees (Z4)-«p-tiiKl« oufc of -«iSi»iM^.iaM4 to ;imii«iiw'i«aii».a« *• 
is minimized. 

Fig.3, a synchronous machine with PM rotor can operate at various number of poles. 
5 Referring to Fig. 3, each rotor pole conta^ 

iron segments (6), and rectangular permanent magnets (7), whereas stater (8) carries a 

Dahlander, PAM or PPM winding in slots (9). 

When the rnachine shown in Fig. 3 is running at a given speed and with a given number 
of poles, the rotor magnets are magnetized ; predominantly in tangential direction, and the squirrel. 

10 cage is not active Immediately aft* the number of poles has been changed by the action, of 
stater winding, additional component of stator current in reconnected stator windings, or 
currents) in additional stator winding(s) will flow remagnetizing the permanent magnets (7), 
thus setting a new number of poles in the rotor. This current generates a torque with rotor cage 
currents. The change of the number of rotor poles is caused by appropriate stator winding 

,5 reconnection, so that the number of poles on the both sides of the air gap is equal Hie 
remagnetizing component of the stator current flows only a short period of time, just enough to 
change the direction of magnetization in rotor magnets. 

Fig. 4, a PM synchronous machine that can operate wim variable number of poles, and 

Variable Wuced voltage ^ 
20 trapezoidal magnets (1 1) per pole, optional squirrel cage (26), and the stator (12) with slots (13), 
in which the winding is placed. The stator Dahlander, F AM or PPM winding can be reconnected 
• mechaiiicaUy and/or de«roiiicalIy. restating in a new ntmi^ of stator' poles, Tte'rotor sttucture 
in this figure can be considered as a combination of the ro tor structures in Figs. 2 and 3. 
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Of the rotor magnets is temagnetued. 
5 When me number of ^ 

ofstatorc^tb^ 
stotorwfc^ 

Fig. 5, the rotor of a PM syndaonous machine with improved air gap field distribution 
cow*, of Ungentially nu*o* CM* auxiliary field niagaea (l5X,and 

10 soft iron pole segments (16). When loaded with stator current at a given power factor, a PM 
synchronous generator based on this principle has an improved air gap flu* distribution^ 
compared to a standard generator. The reason for this is the magnetic field of auxiliary magnets 
(15), which can be so dimensioned to fully compensate for the effects of armature reaction at a 

given load and power fector. 
ls Fig. 6, the rotor of a PM synchronous machine with full field control capability consists 

of control coils (17), permanent magnets (18) and son iron pole segments (19), The permanent 
nugnets are either tangentiaUy m^^ 

case in machines with rare earth permanent magnets. Each control coil can cany a separate 
current The magnetic field created by control currents can improve me machbe performance in 
20 two manners: as an additional field excitation, or to compensate the armature reaction. 

When the control coils ate connected to create magnetic field in the direction of magnetic 
field of permanent magnets, the resulting field is determined both by permanent magnets and 
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annaturc reaction field of the stator currents. 

Fig. 7. the rotor of a PM syochninous machine with improved fall field control capability 

^ rf coo*. co>U<20>, ranged a^efcedp— "toryo*. *« 

^ (22) aod radUlly ^ * "** 
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synchro] 



naps*. *. — > .1— m ** °' , " ,f — T*** "* 

I tete«•.-P^^*•^^ rf ' 1 ^ !,, ^"' a '."" k ■' , 

speed wiudia* Tta-W- W " ^^^^ '« " 

pole- amplitode modulated (FAMK or pole* phaw modulated (PPM) winding with loroidal.coil3, 

20 as described in US Patent 5,977,679. 

While the invention has been described with p^ -r**** » a preferred 
embodiment, h will be understood by those skiUed in the art that various changes may be made 
and equivalents may be substituted for elements of the preferred embodiment without departing 
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« * ♦« those skilled in the art- It is accordingly 
bother modifications «rf plications wdl occur to tho^ skiUcd m . 

» v, ^ifirations and applications as do not depart from 
intended that the claims shall cover all such tnodifications ana app 

5 the true spirit and scope of the invention. 
p^en*« 
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